Abstract. The aims of this study were to investigate improvements to the pig preimplantation embryo culture system using in vitro produced embryos. For experiment 1, the optimum time to change the medium from NCSU23 containing 0.6 mM glucose, 0.2 mM pyruvate, 5.7 mM lactate and nonessential amino acids to NCSU23 containing 5.6 mM glucose and both essential and nonessential amino acids was examined. There were no statistically significant differences in blastocyst rates or cell number when the medium was changed at 48, 72 or 96 h, although there was a consistent trend for the 96 h treatment to produce fewer blastocysts with fewer cells. For experiment 2, the addition of essential amino acids at either a 1:50 or a 1:100 dilution of the purchased stock solution for day 1 to 6 or for days 3 to 6 only was investigated. Adding essential amino acids at a 1:50 dilution for day 3 to 6 significantly reduced the blastocyst rate and adding them at a 1:50 dilution from day 1 to 6 significantly reduced both the blastocyst rate and blastocyst cell number compared to when it was added at a 1:100 dilution. Embryos were produced by IVF, cultured for 6 days and good quality blastocysts were transferred into 6 synchronized pseudopregnant recipients (24 to 35 blastocysts per recipient) resulting in 4 pregnancies and 21 live birth piglets. These results show that adding essential amino acids at a 1:100 dilution provided the best culture conditions and the blastocysts produced were able to attain full term development after transfer. Key words: Blastocysts, Essential amino acids, In vitro culture, Piglets, Porcine (J. Reprod. Dev. 55: [373][374][375][376][377] 2009) he pig is becoming increasingly important as a biomedical research tool [1] and shows great promise as a model for embryonic stem cell technologies. The capacity to reliably generate embryonic stem cell lines is essential to using the pig as such a model. While in vivo produced embryos are ideal for producing cell lines, collecting them is expensive and time consuming. An alternative is to use embryos produced entirely in vitro. Obviously, a critical component in generating in vitro embryos is the culture medium in which they are grown.
(J. Reprod. Dev. 55: [373] [374] [375] [376] [377] 2009) he pig is becoming increasingly important as a biomedical research tool [1] and shows great promise as a model for embryonic stem cell technologies. The capacity to reliably generate embryonic stem cell lines is essential to using the pig as such a model. While in vivo produced embryos are ideal for producing cell lines, collecting them is expensive and time consuming. An alternative is to use embryos produced entirely in vitro. Obviously, a critical component in generating in vitro embryos is the culture medium in which they are grown.
Several reports have investigated improving two commonly used porcine embryo culture media, North Carolina State University 23 and 37 (NCSU23 and NCSU37; [2] ) [3] [4] [5] . As originally formulated, these media contain only glucose as the primary energy substrate. These reports found that providing pyruvate and lactate for the early preimplantation period (approximately 48 to 73 h post insemination) and only glucose for the remainder results in improved development and embryonic quality.
Amino acids have been grouped by Eagle [6] into essential (EAA) and non-essential (NEAA), and are normally added to culture media as prepared concentrated stock solutions at a dilution of 1:50 for EAA and 1:100 for NEAA. Early cleavage development was found to be stimulated by the addition of NEAA to the culture medium but inhibited by EAA in both the mouse [7, 8] and cow [9] . The presence of EAA during the first 48 h of culture in a protein free medium inhibited the development of porcine embryos, but stimulated development when added after 48 h [10] . Lane et al. [11] also found that mouse embryo development was improved if the concentration of EAA was half of the recommended concentration (a dilution of 1:100 instead of 1:50). As well as changing requirements for energy substrates, these results suggest that the developing preimplantation embryo also has changing requirements for free amino acids.
We recently demonstrated that adding NEAA to the culture for the first 48 h and NEAA and EAA (all at a 1:100 dilution) from 48 h onwards improved the cell number of porcine parthenogenetic embryos [5] . Yoshioka et al. [12] developed a new medium for the culture of pig embryos containing both NEAA and EAA (in the form of Basal Medium Eagle amino acids) for the entire culture period. They found that culturing in vivo produced zygotes in the new medium produced more and better quality blastocysts than when standard NCSU23 was used. This suggests that EAA may not be overtly inhibitory or possibly stimulatory if included during the early cleavage period of porcine embryo development.
Karja et al. [4] found the optimum time to change modified NCSU37 supplemented with pyruvate and lactate to modified NCSU37 supplemented with glucose was 58 h after the start of culture. However, the optimum time to change the energy substrates and add EAA has not yet been adequately investigated with porcine embryos in our modified NCSU23.
The aims of this study were to initially investigate the optimum time for changing the energy substrates and adding EAA. We then compared the inclusion of two different concentrations of EAA for either the entire culture period or after day 3 only. Finally, embryos were produced using the optimum culture system suggested by the other experiments and transferred into pseudopregnant recipients to test their capacity for full term development.
Materials and Methods
Chemicals were purchased from Sigma Chemical (St. Louis, MO, USA) unless otherwise stated. All media, except HEPES buffered NCSU23 (H-NCSU23), was equilibrated in 5% CO2 at 38.5 C for at least 2 h prior to use. H-NCSU23 was warmed to 38 C prior to use.
Experiments were carried out in accordance with the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes (2004) as stipulated by the National Health and Medical Research Council and approved by the University of Adelaide Animal Ethics Committee.
In vitro maturation and fertilization
Porcine ovaries from slaughtered mature sows were collected from a local abattoir and transported to the laboratory in PBS containing 6 ml/l of an antibiotic-antimycotic solution (Gibco, Invitrogen, Auckland, NZ) at between 33 and 37 C. Follicles with a diameter between 3 and 6 mm were aspirated with a 21-gauge needle through which a constant suction (1 l/min) was applied and follicular contents were pooled in a collection tube. Cumulusoocyte complexes with at least three uniform layers of compact cumulus cells were recovered from the collected fluid and matured for approximately 40-42 h in groups of 50 in 600 μl of M199 (Gibco) supplemented with 5 ng/ml insulin, 10 ng/ml EGF, 0.5 mM cysteamine, 0.2 mM Na-pyruvate, 5 mg/ml FSH, 75 mg/ml Penicillin-G, 50 mg/ml Streptomycin sulphate and 10% sow follicular fluid under mineral oil in an humidified atmosphere of 5% CO2, 5% O2, 90% N2 at 38.5 C. Sow follicular fluid was collected from 3-6 mm follicles, stored at -70 C, thawed and filter sterilized (pore size 0.22 μM) immediately prior to use.
Mature cumulus oocyte complexes were treated briefly with 0.1% hyaluronidase, washed twice in H-NCSU23 + 10% fetal bovine serum (FBS; JRH Biosciences, Kansas, USA), twice in the fertilization medium (TALP-PVA; [13] ) supplemented with 3 mM calcium lactate and 2 mM caffeine-sodium benzoate) then placed into 90 μl drops of fertilization medium (30 oocytes per drop) under mineral oil. Freshly collected and extended semen was obtained from a local supplier (Sabor, Clare, South Australia, Australia) and allowed to come to room temperature (23 C) from its storage temperature (18 C). It was then centrifuged at 1100 × g for 5 min and the supernatant discarded. The pellet was resuspended in 10 ml of sperm wash medium (Medium 199 containing 1 mg/ml sodium pyruvate, 9 mg/ml calcium-lactate, 0.075 mg/ml penicillin G, 0.05 mg/ml streptomycin sulphate and 10% FBS) then centrifuged and resuspended a second time. The sperm was diluted with TALP-PVA medium and 10 μl of this added to the fertilization drop to give a final concentration of 5 × 10 5 sperm/ml. The oocytes and sperm were left to co-incubate for 6 h. Remaining cumulus cells were removed by manual pipetting through a narrow bore pipette and the prospective embryos were washed and placed into the appropriate treatment drops. The basal culture medium used was as previously described by Beebe et al. [5] . A modified version of NCSU23 [2] contained 0.2 mM pyruvate, 5.7 mM lactic acid and 0.6 mM glucose (NCSU23-plg) was used for this first period of culture (the first 48 to 96 h depending on the experiment), and NCSU23 containing 5.6 mM glucose (NCSU23) was used for the remainder. MEM non-essential amino acids (Gibco) were included during the entire culture at the recommended concentration (1:100 dilution of purchased stock/ 0.1 mM). MEM essential amino acids (Gibco) were included at either a 1:50 (recommended) or 1:100 dilution as described below. Culture was conducted in 50 μl droplets under sterile mineral oil in a humidified atmosphere of 5% CO2, 5% O2 and the balance N2. FBS (10%) was added to all treatments early on day 5.
Embryo evaluation and nuclear staining
The embryos were assessed for cleavage on day 3 (approximately 60 h) and for development to blastocyst on day 6 (approximately 144 h). Blastocysts considered viable were fixed with 100% ethanol containing 10 μg/ml Hoechst 33258 for at least 3 h. They were then washed thoroughly in ethanol, mounted on a glass slide in a drop of glycerol, gently squashed with a glass coverslip and the nuclei counted using fluorescence microscopy.
Embryo transfer
Estrus was synchronized by feeding 20 mg/pig of altrenogest (Regumate, Intervet Australia Pty., Victoria, Australia) for 15 to 18 days and injecting IM 750 IU of hCG (Chorulon; Intervet, Bendigo, Australia) approximately 126 h after the last day of altrenogest treatment. Surgery was performed approximately 114 h after the hCG injection. Day 6 blastocysts were transferred into one horn of the uterus near the utero-tubul junction via mid ventral laparotomy performed under general anaesthesia induced with thiopentone sodium and maintained using halothane and oxygen.
Experimental design
For experiment 1, the effect of changing the medium on day 2 (after approximately 48 h of culture), day 3 (72 h) or day 4 (96 h) on the development of in vitro produced embryos was investigated. The media used was as described above with the medium changed and essential amino acids (at a 1:100 dilution) added on day 2, 3 or 4. The morphology of the embryos was assessed on day 2 and cleaved embryos randomly assigned into the treatment groups. One group was placed into NCSU23 medium containing essential and non-essential amino acids (Day 2). The other two groups were placed back into NCSU23-plg containing non-essential amino acids. The medium for one of these groups was changed the following day (Day 3) and the other the next day (Day 4). Embryonic morphology was assessed on day 6 and viable blastocysts fixed for cell number estimation. There were four replicates.
For experiment 2, the effect of adding EAA at either 1:50 or 1:100 dilution, for either day 1 to 6 of culture or for days 3 to 6, on the in vitro development of IVF embryos was investigated. The culture media used were as described above and was changed on day 3. Fertilized oocytes were produced as described above and were then randomly divided into 4 treatments. The treatments were: 1) EAA included at a 1:100 dilution for days 3 to 6, 2) EAA included at a 1:50 dilution for days 3 to 6, 3) EAA included at a 1:100 dilution for days 1 to 6, 4) EAA included at a 1:50 dilution for days 1 to 6. Embryonic morphology was assessed on days 3 and 6 and viable blastocysts were fixed for cell number estimation. There were four replicates.
The capacity of embryos grown in the optimized culture system to develop to full term after transfer was investigated in experiment 3. Embryos were produced by in vitro fertilization as described and cultured in NCSU23-plg containing non-essential amino acids for 3 days and then NCSU23 containing essential and non-essential amino acids (all at 1:100 dilution) until day 6. On day 6, blastocysts with good or excellent morphology were transferred to recipients as described above. Pregnancy was confirmed by ultrasound at least 40 days after transfer and those confirmed pregnant on two separate occasions left to go to term.
Statistical analysis
Morphological data were analyzed by Chi Square using Graphpad Prism software (Graphpad Software, San Diego, CA, USA). Total cell number data were analyzed by ANOVA within the Generalized Linear Model of the SPSS statistical software package (SPSS, Chicago, IL, USA) with differences between treatments determined using LSD test post-hoc. A P-value of less than 0.05 was considered to be statistically significant.
Results

Experiment 1
The effect of changing the culture medium on either day 2, 3 or 4 of culture on the morphological development of porcine embryos is shown in Table 1 . Of a total of 794 oocytes fertilized, 537 (67.6%) had cleaved by day 2 of culture. There was no statistically significant difference in the rates of blastocyst development between the three treatments. Furthermore, there were no statistically significant differences in the number of cells the blastocysts contained.
Experiment 2
The morphological development of the embryos in the four treatments is shown in Table 2 . On day 3 of culture, the embryos in treatment 4 had cleaved at a significantly higher rate than treatment 2 (P<0.05). The cleavage rates of treatments 1, 2 and 3 were similar, as were the cleavage rates of 1, 3 and 4. On day 6, treatments 1 and 3 produced blastocysts at a significantly higher rate than treatments 2 and 4 (P<0.05). Treatments 1 and 3 produced blastocysts at similar rates, as did treatments 2 and 4. The mean cell number of viable blastocysts produced by the four treatments is shown in Table 3 . The cell number of blastocysts from treatments 1 and 4 were significantly different, treatments 1, 2 and 3 did not differ a Embryo morphology was assessed on day 2 and all cleaved embryos were pooled and divided into three treatment groups. b The percentage is calculated from the number of cleaved embryos assigned to the treatment group on day 2. There were no significant differences. (28) a The treatments represent the addition of essential amino acids: 1) at a 1:100 dilution from day 3 to 6; 2) at a 1:50 dilution for day 3 to 6; 3) at a 1:100 dilution for days 1 to 6; 4) at a 1:50 dilution for days 1 to 6. Values with different superscripts within the same column are significantly different, P<0.05. a The treatments represent the addition of essential amino acids: 1) at a 1:100 dilution from day 3 to 6; 2) at a 1:50 dilution for day 3 to 6; 3) at a 1:100 dilution for days 1 to 6; 4) at a 1:50 dilution for days 1 to 6. Values with different superscripts within the same column are significantly different, P<0.05.
from each other, and neither did the cell numbers from treatments 2, 3 and 4.
Experiment 3
A total of 186 day 6 blastocysts (range 23 to 35 per recipient) were transferred into 6 recipients, resulting in 4 pregnancies going to term giving a total live born of 21 (litters sizes of 5, 5, 7 and 4; average litter size 5.3). This was an overall efficiency (21 live born piglets from 186 transferred embryos) of 11%. The efficiency of the four sows that farrowed was 18% (21 live born piglets from 118 transferred embryos).
Discussion
NCSU23 was developed almost two decades ago and has been used unchanged until recently. Glucose was the only energy substrate provided although glutamine was included and may also act as an energy source [14] . Apart from glutamine, NCSU23 also contains two more amino acids, taurine and hypotaurine. Between them, these three amino acids are thought to protect the embryo from oxidative [15] as well as osmotic stress [16, 17] and to improve the intracellular oxidative status [18] . We previously found that better embryonic development occurs in this medium when pyruvate (0.2 mM) and lactate (5.7 mM) are provided and the concentration of glucose is greatly reduced (0.6 mM) for the first 48 h post insemination, and glucose (5.6 mM) is provided exclusively for the remainder of the culture period. Furthermore, we found that development could be further enhanced by adding NEAA for the first two days post insemination and both NEAA and EAA from day 3 to 6 [5] . The EAA concentrations were chosen based on research with mouse and cattle embryos that found reducing the EAA concentration by half increased blastocyst development and cell numbers [9, 11] , although no comparable work had yet been done with pig embryos.
We initially investigated the timing for the change in the medium on embryonic development. As the medium would be the same for all treatments for the first 48 h, all cleaved embryos were pooled after 48 h and then randomly allotted into the various treatment groups. There was no statistically significant difference in blastocyst rate or cell number for any of the treatment groups. However, there was a consistent trend over the replicates for a reduced blastocyst rate and cell number when the medium was changed at 96 h. Essential amino acids have been shown to stimulate development when added after the 8 cell stage in mice [7] and after the 8 to 16 cell stage in cattle [9] . In our experiment, adding essential amino acids to the culture medium on day 2 produced similar numbers of blastocysts and numbers of cells to when amino acids were added on day 3, while adding the amino acids on day 4 slightly slowed development compared to adding the amino acids on day 2 and 3. Adding essential amino acids prior to day 3 provided no additional stimulation while adding the amino acids on day 4 resulted in poorer development. This result suggests that the in vitro produced pig embryo may become responsive to the stimulatory effects of essential amino acids on day 3 of culture. Further work needs to be conducted to confirm this.
Although we have improved embryonic development by adding NEAA for day 1 to 3 and NEAA and EAA from day 3 to 6 of culture, we did not know if this method was optimal for the culture of pig embryos. Yoshioka et al. [12] showed improved development of in vivo pig zygotes in PZM medium, which contains NEAA and Basal Medium Eagle amino acids (similar to EAA at a 1:100 dilution), compared to NCSU23, suggesting that EAA may have at least a neutral effect if included at low concentrations during the first few days of culture. Our result, that similar embryonic development occurred when essential amino acids at a 1:100 dilution were present for days 1 to 6 or for days 3 to 6, would seem to confirm the findings of Yoshioka et al. However, Van Thuan et al. [10] found that low concentrations of some non-polar EAAs in a protein free medium were inhibitory to electrically activated parthenogenetic embryos when added during the first 48 h, in contrast to our finding. Differences in medium composition (protein free vs containing protein) and embryo origin (parthenogenetic vs. IVF) may explain this apparent contrast. However, when EAA were included at a 1:50 dilution, either for days 1 to 6 or days 3 to 6, the blastocyst rate was significantly decreased compared to when EAA were added at a 1:100 dilution. The stimulatory effect of low concentrations of EAA has also been demonstrated in the mouse [11] and cow [9] , but only when the EAA were added 48 (mouse) or 72 h (cow) after the start of culture. There are several possible explanations for these results. It is possible that halving the concentration of EAA results in a decrease in the concentration of one or more inhibitory amino acids. Furthermore, McKiernan et al. [19] found that reducing the concentration of selected essential amino acids can change the amino acid from inhibiting to stimulating hamster embryo development in vitro, and it is possible that that is also the case in our study. Another possible cause is the buildup of ammonium in the culture medium, which results from the spontaneous breakdown of amino acids as well as being a byproduct of embryo metabolism [20] . Ammonium in the culture medium has been shown to be detrimental to the in vitro development of mouse embryos [21, 22] and it has been suggested that a decrease in the rate of ammonium accumulation may be partially responsible for the improved development seen by reducing the concentrations of EAA in the culture mouse embryos [11] . However, further research is required to determine how much these factors contribute to the effect seen in our experiment.
Our results suggest that the presence of EAA at a low concentration during the first 72 h of culture is not overtly inhibitory although neither were the EAA beneficial and there is evidence that they inhibit the development of cleavage stage mouse [20] and, under certain conditions, pig embryos [10] . As such, we decided to include the EAA at a 1:100 dilution in our culture system from day 3 onwards only.
In conclusion, we found that including EAA at a 1:100 dilution resulted in the best embryonic development. Furthermore, when transferred to recipients, blastocysts produced by our modified culture system were able to achieve full term development.
